Using density functional theory calculations, we compute the edge energies and stresses for edges of SiC and BN nanoribbons, and the boundary energies and stresses for domain boundaries of graphene-BN superlattices. SiC and BN armchair nanoribbons show pronounced edge relaxations, which obliterate the threefold oscillatory behavior of the edge stress reported for graphene. Our calculations show small boundary stresses in graphene-BN superlattices, suggesting that such domain boundaries will not experience severe deformation. We have also found that the C-terminated and Si-terminated zigzag edges in SiC nanoribbons have different compressive stresses which results in different rippling behavior of these edges. The discovery of graphene 1 has been followed by observations of a variety of other two-dimensional (2D) monolayer crystals, 2,3 in particular, hexagonal boron nitride (BN) monolayers. The near-match of the lattice parameters of graphene and BN has triggered theoretical studies of combined graphene-BN ribbons, 4-6 and most recently domainhybridized graphene-BN monolayers have been fabricated. Meanwhile, still-hypothetical silicon carbide nanoribbons have also been attracting growing interest, [8] [9] [10] motivated by the synthesis of silicon carbide nanotubes.
The discovery of graphene 1 has been followed by observations of a variety of other two-dimensional (2D) monolayer crystals, 2, 3 in particular, hexagonal boron nitride (BN) monolayers. The near-match of the lattice parameters of graphene and BN has triggered theoretical studies of combined graphene-BN ribbons, [4] [5] [6] and most recently domainhybridized graphene-BN monolayers have been fabricated. 7 Meanwhile, still-hypothetical silicon carbide nanoribbons have also been attracting growing interest, [8] [9] [10] motivated by the synthesis of silicon carbide nanotubes. 11 While these studies have been focused on the electronic and magnetic properties, no rigorous study on their structural and mechanical properties has been reported, to our knowledge. In order to tailor their physical and chemical properties for future nanoscale device applications, we need to understand their structural and mechanical properties, in particular their elastic stability.
In this Brief Report, we study the fundamental elastic properties and deformation behaviors of the pristine edges in boron nitride and silicon carbide monolayer nanoribbons (BNNR and SiCNR, respectively), and of the domain boundaries in freestanding domain-hybridized graphene-BN monolayer superlattices (CBNSL). Edge and boundary energies have been reported for certain cases, 7, 8 but these can only provide us with knowledge of chemical stability. To understand their mechanical stability and deformation behavior, we start by determining the edge (or boundary in the case of heterophase domains) stresses for nanoribbons. We present below our first-principles density functional theory (DFT) calculations of edge (boundary) energy and stress for nanoribbons (domain superlattices), and we analyze the results in comparison with previous reports on graphene nanoribbons (GNR). [12] [13] [14] [15] Similar to the interface energy and stress in 3D crystals, 16, 17 the boundary energy quantifies the cost to form a new boundary separating different domains (i.e., graphene and BN domains), while boundary stress characterizes the work necessary to stretch a pre-existing boundary along the boundary direction. The relationship between boundary energy σ and boundary stress h is similar to the Shuttleworth relation, 18 and is written as h = σ + dσ/de where h and the strain e are scalar quantities since we only consider one-dimensional deformation along the straight line of boundary. We note that e is the elastic strain applied to the boundary across which the lattices of both 2D crystal phases are already matched. In this study, we do not include in the boundary energy the strain that is required to match one lattice with another. We have confirmed that this mismatch strain makes less than 2% difference in the boundary-energy values because the difference between the lattice parameters of perfect graphene and BN phases is sufficiently small. The above equation also applies to the relation between edge energy and edge stress.
Boundary energies are calculated from the total-energy difference between model systems with and without boundary, and boundary stresses are obtained by numerical differentiation of the boundary energy calculated at a series of strain values within the elastic range. The total-energy calculation is thus the main numerical procedure in this work. Total-energy DFT calculations were performed using the program SIESTA (Ref. 19 ) based on local density approximation (LDA), with pseudopotentials and basis set functions similar to those used in Ref.
12. An energy cutoff of 250 Ry was set for the real-space integrations. The atomic positions were relaxed via conjugate gradient procedure with force tolerances set to 0.02 eV/Å. We have first obtained the lattice constants of perfect graphene (2.468Å), BN (2.492Å), and SiC (3.081Å) monolayers; these values agree well with previous reports, e.g., 2.465Å for graphene, 20,21 2.49Å for BN, 3 and 3.094Å for 2D SiC. 22 We considered two types of boundary models, armchair and zigzag, depending on the way in which the two phases face each other at the C-BN boundary. Experimental fabrication of domain-hybridized graphene-BN monolayers revealed that the local atomic structure of heterophase boundaries is either armchair or zigzag, although at large length scales the boundary has an arbitrary shape. 7 Two examples of supercells with domain boundaries for armchair and zigzag graphene-BN superlattices (aCBNSL22 and zCBNSL12, respectively), are shown in Fig. 1 . We considered various supercell widths of up to ∼80Å for armchair and up to ∼86Å for zigzag boundary models. The numbers in our naming scheme follow the convention for nanoribbons, and thus give the supercell width as the number of dimers in armchair models, or as the number of zigzag lines in zigzag supercells. In out-of-plane direction of all supercells, we insert a vacuum spacing of 15Å to avoid the interactions between periodic images; a 15Å vacuum spacing is also introduced along one in-plane direction for nanoribbon models. We kept the same number of dimer (or zigzag) lines for the graphene and BN domains in a supercell.
For the C-BN superlattice models, we computed the boundary energy as σ = (E T − N C E C − N BN E BN )/2L where E T is the total energy of a model supercell which has N C number of carbon atoms and N BN number of boron-nitrogen pairs. L is the length of the boundary, E C is the energy per atom in perfect graphene, and E BN is the energy per B-N pair in perfect BN monolayer. Without the term of E BN (E C ), the excess energy σ becomes the edge energy of a graphene (boron nitride) nanoribbon. To calculate E C , E BN , and E SiC , we employed their fully periodic four-atom unit cells, and chose 16 × 16 × 1 (24 × 24 × 1 for SiC) k-point mesh by the Monkhorst-Pack scheme. 23 This k-point sampling was scaled according to the size of supercells. Typical nanoribbon models having pristine armchair and zigzag edges are also shown in Fig. 1 . Elastic properties of graphene edges have been recently reported, [12] [13] [14] [15] so details on the calculations for nanoribbon edges can be found elsewhere. 12, 15 In Fig. 2 , we present our numerical results of edge (boundary) energy and stress for all models with respect to the width of ribbon (stripe). As the first observation, the boundary and edge energies show little dependence on the widths. The width-averaged edge (and boundary) energy and stress values are summarized in Table I . From plane-wave-based DFT calculations, Huang et al. 15 have reported graphene edge energies of ∼1.00 and ∼1.40 eV/Å for armchair and zigzag edges, respectively, which are somewhat smaller than our values (1.190 and 1.490 eV/Å, respectively). Planewave based DFT calculations have also lead to a value of 0.29 eV/Å zigzag boundary energy in graphene-BN domain superlattices, 7 which agrees well with our average value of 0.293 eV/Å.
For both armchair and zigzag cases, boundary energies are substantially lower than edge energies of pristine graphene, BN, and SiC nanoribbons due to the absence of dangling bonds at the boundary. It is known that armchair edge energy of graphene nanoribbon is lower than its zigzag counterpart. We note the same trend in other ribbon edges and graphene-BN boundaries. However, the physical origins of these lower armchair energies are somewhat different. The difference of edge energy between armchair and zigzag GNRs is approximately 0.300 eV/Å. This relatively large difference comes from the fact that along armchair edge the edge-parallel C-C bond is relaxed to a shorter length than that of interior C-C bond, due to the strong pair of the sp hybridization, which results in the healing of dangling-bond nature of the armchair edge carbon dimers. 24 In contrast, zigzag edge does not change much its atomic structure after relaxation, and thus it does not substantially reduce the high edge energy caused by dangling bonds.
The edge energy difference between armchair and zigzag becomes even larger for BNNRs. After relaxation, the armchair edge in graphene still maintains the hexagonal lattice structure fairly well in spite of the shortened C-C bond. However, in the armchair BNNR (SiCNR as well), the edge hexagons are distorted so significantly that the original hexagonal symmetry is broken (we show such distorted hexagons of armchair BN and SiC ribbons in a subsequent figure, when we discuss edge stresses). Such distortion provides the armchair BN edge with the opportunity to reduce energy by further relaxing its edge structure while such relaxation is not present for zigzag BN edges. On the other hand, the difference of edge energies between armchair and zigzag SiCNRs is not as large as GNRs and BNNRs. The originally edge-parallel Si-C bond was shortened by 4.93% while those of GNR and BNNR were 12.20% and 9.91% shortened. We therefore believe that the dangling-bond healing effect is less significant in armchair SiCNR edge and that the distortion of edge hexagons is the main source of lowering the armchair edge energy of SiCNR. The boundary energy difference between armchair and zigzag boundaries is remarkably smaller, 0.065 eV/Å, than the above two cases of graphene and BN edges. In our superlattice models of both armchair and zigzag boundaries, we could not observe any obvious change in lattice structure and atomic positions after relaxation, even in the vicinity of boundary. Therefore, the absence of dangling bonds is the key physical reason for which the armchair and zigzag boundaries have similar energies in CBN superlattices. The lower two panels of Fig. 2 show our results of edge (boundary) stress calculations for armchair and zigzag edges (boundaries). Determinations of BNNR and SiCNR edge stresses and CBNSL boundary stresses have not been previously reported, as only reports of GNR edge stresses are present in the literature so far. [12] [13] [14] [15] Edge (boundary) stresses are seen to depend more sensitively on the width of the ribbon (stripe) than the edge (boundary) energies. The average stress values are given in Table I . Our edge stress values for GNR are comparable with those (−1.45 eV/Å for armchair and −0.7 eV/Å for zigzag) obtained using plane-wave basis. 15 We note that the edge stress of pristine zBNNR is positive. However, all other edges have negative stress values. This means that they are in compression and that their edges tend to ripple whenever they are free to deform. 13 In contrast, the bare zigzag edge of BNNR is in tension and tends to shorten relative to the interior domain. Therefore, rippling is likely to take place at the interior domain of BN ribbon, away from the zigzag edge, while the edge itself will stay straight.
There are two different types of pristine zigzag edges of BNNR, B-terminated and N-terminated edges. If one edge side is B-ended then the other side is N-ended. Since the charge densities of N-and B-terminated edges are substantially different, their edge energies and edge stresses are quite different as well, and consequently these two pristine zigzag edges may deform in distinct ways. The edge energy and stress presented for zBNNR in Table I are the average values between these two zigzag edge types. This argument also applies to the zigzag edge of SiCNR and to the zigzag boundary of CBN superlattice.
To verify the distinct behaviors of zigzag edges with different terminations, we calculate edge stresses of both sides separately. Since total-energy calculation approaches are unable to yield separate edge energies, we performed energy minimizations and classical molecular dynamics simulations using the Tersoff potential 25 for Si-C systems. Since the Tersoff potential energy is a sum over (environmentdependent) contributions of individual atoms, summing the individual atomic contributions over sufficient distance from the edge leads to edge-specific energies upon substraction of the contributions of same atoms in bulk-like (edge-free) configurations. The edge energies and stresses calculated using the Tersoff potential are virtually independent of the ribbon width. The edge energy of C-side (Si-side) zigzag edge is 0.559 (0.596) eV/Å, and their average value is 0.577 eV/Å. The edge stress of C-side (Si-side) zigzag edge is −0.587 (−0.222) eV/Å while the average value of zigzag edge stress is −0.406 eV/Å. Although this average edge stress value is somewhat lower than that obtained by DFT calculations (−0.570 eV/Å), our empirical potential calculations clearly evidence that the C-side zigzag edge has a higher compressive edge stress value than Si-side edge. This implies that the C edge has a higher rippling tendency than the Si edge, which we have also confirmed by constant-temperature molecular dynamics simulations at 300 K. A snapshot of a large SiC monolayer with 18718 atoms (dimensions of 320.22Å × 240.34Å) is shown in the bottom inset of Fig. 3 , which verifies the more frequent rippling (higher compressive stress) of the C-ended zigzag edge.
One of our findings is that the boundary stresses in graphene-BN superlattices are significantly lower than the edge stresses of the GNR and BNNR. Our results of −0.167 eV/Å for armchair and +0.027 eV/Å for zigzag boundaries are even lower than the edge stresses of hydrogenpassivated graphene edges, −0.35 eV/Å (armchair) and +0.13 eV/Å (zigzag) reported in Ref. 15 . This suggests that C-BN superlattice boundaries experience very low stress and therefore they do not have a strong tendency to ripple. We are not aware of how this highly planar superlattice can be synthesized experimentally, apart from the recent fabrication of hybridized graphene and BN monolayers of arbitrary boundary shapes. 7 Nevertheless, we predict that the existence of domain boundaries in graphene-BN monolayer structures will cause neither structural change nor severe deformation.
Another interesting result is the oscillating behavior of boundary energy and stress in armchair CBN superlattices as functions of stripe width. It has been known that the values of armchair graphene edge energy and stress oscillate as the ribbon width is increased, 15, 26 and that the oscillating period is every three ribbon widths (three-family pattern). 15 This oscillating behavior is closely related to the energy band gap of threefold pattern that has been found in H-passivated semiconducting armchair graphene nanoribbons and understood in the framework of topological analysis of armchair edges. 27 In Fig. 4 , we present magnified plots for the stresses of four armchair models. Boundary stresses follow a similar three-family pattern. As shown in the bottom panel of Fig. 4 , we confirm that armchair graphene-BN superlattice is semiconducting and its band gap depends on the stripe width, following the threefold pattern.
In contrast to armchair CBNSL and GNR, the edge energies and stresses of armchair BNNR and SiCNR do not exhibit a clear three-family pattern in their oscillations because the shapes of edge hexagons are distorted after relaxation, as shown in the insets of Fig. 4 . Park and Louie 28 reported the oscillating energy band gap of BNNRs with armchair edges, but in their work the edges were passivated and thus the original shape of the edge hexagons was preserved. However, the pristine armchair BN (SiC) edge changes its configuration significantly and the edge B-N (Si-C) bond is no longer parallel with the edge direction. Consequently, the topological analysis does not apply anymore. This broken hexagonal symmetry eliminates the threefold pattern and results in irregular fluctuation of edge stress values of armchair BN and SiC nanoribbons.
In conclusion, we have performed DFT calculations of edge (boundary) energy and stress for BN and SiC monolayer nanoribbons, and for domain-hybridized graphene-BN monolayer superlattices. We have found that the C-BN boundaries experience very little stress and thus the existence of such domain boundaries will cause neither structural change nor severe deformation in C-BN superlattices. The oscillating values of armchair boundary stress indicate that armchair CBNSL is semiconducting. Furthermore, it is shown that the broken hexagonal symmetry of armchair BN and SiC ribbons results in their irregularly oscillating stress values as functions of ribbon width. Lastly, we have shown that two types of zigzag edges in SiC nanoribbon undergo distinctly different deformations.
